A great deal of effort has been made on the development of approaches based on Technique for Order Preference by Similarity to Ideal Solution (TOPSIS). Little attention is, however, paid to how to couple water quality indicators and their officially-defined standards with consideration of inter-correlation among indicators when TOPSIS is applied for evaluating water quality. This study proposes an improved TOPSIS-based approach called the Informative Weighting and Ranking (TIWR) approach. It couples water quality indicators and associated standards over the entire process and considers inter-correlation among indicators using the Criteria Importance Through Inter-criteria Correlation (CRITIC) approach. The approach is applied to the water quality evaluations of the Shitoumenkou reservoir and the Lake Tai. Results suggest that it produces a delicate level H i associated with water quality for an object/monitoring site, which avoids classifying several objects into the same typical level and makes them distinguishable. The TIWR approach agrees well with traditional approach when a level H i is transformed to a typical level. In addition, it can avoid some unreasonable results obtained by traditional approach. These findings have implications for decision makers and researchers in applying the TIWR approach in water environment protection and management.
Introduction
Water pollution due to toxic chemicals or excess nutrients from urban, industry and agriculture has received much attention worldwide (Hot et al., 2003; Huber et al., 2000; Kar et al., 2008; Ouyang, 2005; Wang et al., 2013; Yang et al., 2015 Yang et al., , 2017 . The deterioration of water quality threatens human health and impacts aquatic ecosystem (Cooper, 1993; Khan et al., 2005; Zhang et al., 2016; Shi et al., 2016) . Many monitoring sites have been built on rivers and lakes over the last half century for measuring water quality indicators (Allan et al., 2006; Wang et al., 2017; Yang et al., 2010) . Evaluating water quality according to indicators is an important issue to local government in making decision for water environment protection and management.
Water quality evaluation generally includes two objectives: (1) Identify a level for water quality at a site where a set of indicators, called an "object", are monitored; (2) Rank objects in order of water quality if multiple objects are available. The Water Quality Index (WQI) proposed by the National Sanitation Foundation (NSF) in 1965 has been widely adopted (e.g., Ott, 1978; Bordalo et al., 2006; Chow-Fraser, 2006; Hou et al., 2016; Lermontov et al., 2009; Li and Zhang, 2008) . The WQI is defined as the sum of several weighted indicators and regarded as a numerical measure of water quality (Chang et al., 2001; dos Santos Simões et al., 2008) . However, one could confront some problems of the WQI. For instance, Ocampo-Duque et al. (2006) criticized the limited number of component indicators of the WQI. Dahiya et al. (2007) considered that varying WQI due to variation in component indicators sometimes has no scientific justification. Some scholars developed a variety of alternative approaches such as the principle component analysis (PCA) (Bengraïne and Marhaba, 2003) , principle factor analysis (PFA) (Ouyang, 2005) , fuzzy synthesized evaluation (FSE) (Icaga, 2007; Lu et al., 1999; Zou et al., 2006) and artificial neural network (ANN) (Singh et al., 2009) . Generally, these approaches focus on how to identify a level for water quality but pay little attention to ranking objects.
Some attempts have been made to develop approaches based on the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), a powerful non-linear ranking approach (e.g., Hwang and Yoon, 1981; Chu and Lin, 2003; Boran et al., 2009; Li et al., 2011) . Estimating weights to indicators is a crucial step of TOPSIS-based approach. Most approaches assume indicators to be independent with each other, which is however not true for the case of water quality indicators that are often found to be highly inter-correlated (Barbot et al., 2013; Trivedi et al. 2009 ). Li et al. (2013) stated that 20% variation in weights significantly affects TOPSIS results. TOPSIS-based approach may give improper weights due to excluding the effect of correlation among indicators.
Officially-defined water quality standard classifies concentration of an indicator into one of several grades such as levels I to V. It is often regarded as a reference to identifying a level for water quality. Some TOPSIS-based approaches consider water quality indicators as inputs and exclude associated standards (Rao and Davim, 2008; Xu et al., 2016) . This fails to identify water quality level to each of objects/ monitoring sites. On the other hand, some approaches consider both indicators and associated standards as the elements of a single matrix (Zhang et al., 2007) , which may significantly affect estimated weights of indicators and diminish reliability of TOPSIS results (Li et al., 2013) . Li et al. (2012) stated that estimated weights should depend on monitored indicators without any artificial perception. Therefore, a more appropriate method for coupling indicators and associated standards may be needed.
Based on what's discussed above, two problems are still unsolved in applying TOPSIS-based approach to water quality evaluation. One is that most studies assumed indicators to be independent. The other is that few studies so far have attempted to give a guidance on how to couple water quality indicators and associated standards. Solution to such problems will not only have important administrative implications, but also shed light on more accurate water quality evaluation. This paper develops an improved TOPSIS-based approach, called the Informative Weighting and Ranking (TIWR) approach. The approach separately starts from water quality indicators and their standards, and couples them for four times during the entire process. The effect of correlation among indicators on weights is considered using Criteria Importance Through Inter-criteria Correlation (CRITIC) approach. Weighted average principle based on fuzzy theory is used to produce a delicate level associated with water quality. This approach is applied to water quality evaluations of the Shitoumenkou reservoir and the Lake Tai. Advances in the TIWR approach are discussed by comparison with other traditional approaches to water quality evaluation.
Methodology

Object matrix and standard matrix
Consider m water quality indicators monitored at a site as elements of a vector called an "object". An object matrix A of n objects can be written as:
where
, is a measured concentration of Z. Li et al. Ecological Indicators 89 (2018) 356-364 the jth indicator for the ith object. Each column has concentrations of a specific indicator from different objects, and each row has all the indicators from a specific object. The Environmental Quality Standards for Surface Water issued by the State Environmental Protection Administration (SEPA) of China in 2002, classifies water quality into five levels of I, II, III, IV and V. A larger level stands for worse water quality and levels I, II and III can be regarded as source of drinking water. Each of levels I to V defines a standard concentration for a specific indicator (Xu et al., 2016; Wang et al., 2008) . A standard matrix S of levels I to V for m indicators can be written as: 
where = ⋯ c 1,2, 5 stands for levels I, II, … V, respectively, s c j , is a standard concentration of the jth indicator for level c. Each column displays levels I to V for a specific indicator, and each row shows a specific level associated with m indicators. Fig. 1 describes the flowchart of how to apply the TIWR approach for water quality evaluation. The approach separately starts from water quality indicators and associated standards as well as includes four steps: (1) normalize object matrix A and standard matrix S; (2) estimate weights to indicators using the CRITIC approach; (3) rank objects in order of performance value obtained by TOPSIS; (4) identify water quality level using weighted average principle based on fuzzy theory. Water quality indicators and their standards are coupled for four times marked as ①, ②, ③ and ④. The following presents the four steps in detail.
The proposed TIWR approach
Step 1: Normalizing object matrix and standard matrix Two reasons bring us to normalize object matrix A and standard matrix S. One is that indicators often have different scales and units. The other is that indicators can be classified into two kinds of "cost" indicator and "benefit" indicator. The former such as chemical oxygen demand (COD) increases as deteriorating water quality. In contrast, the latter such as dissolved oxygen (DO) increases as improving water quality. We design a technique to normalize matrices A and S. Each of elements in object matrix A is rescaled as: 
Note that nx i j , is set to zero if
. Similarly, each of elements in standard matrix S can be normalized as: 
Eqs. (3) and (4) 
Increase in nx i j
, or ns c j , stands for worse water quality. Note that Eq. (3) has elements of matrices A and S while Eq. (4) has only elements of matrix S. This is a one-way parameter propagation from water quality standard to indicators, marked with ① in Fig. 1 .
Step 2: Estimating indicator weight The CRITIC approach is used for estimating weights to highly intercorrelated indicators. Standard deviation σ j for the jth indicator in matrix NA can be written as:
where nx j is the mean of the j th indicator. Conflict between the j th indicator and the rest indicators can be quantified using following formula developed by Diakoulaki et al. (1995) . 
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where ρ j k , is the correlation coefficient between the j th and k th indicators. The magnitude of ρ j k , falls in the range of −1 to 1 and a greater value indicates higher positive correlation between two indicators. A greater R j therefore indicates lower positive correlation between the j th indicator and the others. Finally, the weight of the j th indicator can be defined as
Step 3: Ranking objects TOPSIS is a powerful ranking technique for multiple attribute decision making problems (Jahanshahloo et al., 2006; Kelemenis and Askounis, 2010; Sadi-Nezhad and Damghani, 2010) . It can be applied to rank objects in order of performance value as follows. Construct a normalized object matrix with weighted elements expressed as
Note that derivation of weight w j in Step 2 is independent of normalized standard matrix NS. The product of weight and element of matrix NS in Eq. (10) is therefore a one-way parameter propagation from water quality indicators to their standards, as marked with ② in Fig. 1 . Based on matrices VA and VS, negative-ideal and ideal objects can be defined, respectively, as:
Performance value C i accounting for a relative distance between the ith object and ideal object bfV ideal can be written as
with 
where vs c j , is defined in Eq. (10). Performance values C i and Cs c depend on the elements of both matrices VA and VS. This is a two-way parameter propagation between water quality indicators and their standards, marked with ③ in Fig. 1 .
Step 4: Identifying water quality level Fuzzy theory can be applied to identify water quality level for an object (Zhang et al., 2017) . A set of membership functions describing the membership of the ith object to levels I to V are written as . This is a two-way parameter propagation between water quality indicators and their standard, marked with ④ in Fig. 1 , because mf i c , relies on C i and Cs c obtained in Step 3. On the basis of weighted average principle (Liu et al., 2010) , level H i of water quality for the ith object is expressed as 
Results and discussions
This section presents the application of the proposed TIWR approach to water quality evaluation of the Shitoukoumen Reservoir in Section 3.1 and Lake Tai in Section 3.2. In both case studies, all monitoring sites are set away from near-shore region for collecting representative water samples. The collection and preservation of water samples follows the standard of "water quality sampling -technical regulation of the preservation and handling of samples" issued by the Ministry of Environmental Protection of the People's Republic of China. Laboratory analysis of water samples for measuring concentrations of water quality indicators also follows associated standards issued by the Chinese government. All indicators inferior to level I are considered for water quality evaluation. (Lu et al., 2011) . Table 1 presents the annual mean concentration of these eight indicators in 2001-2007 and water quality standard of levels I to V.
Water quality evaluation
Panel (a) of Table 1 can be regarded as object matrix A of four objects with eight indicators and panel (b) as standard matrix S. Note that DO is a benefit indicator and the others are cost indicators.
Step 1 of the TIWR approach obtains the following normalized object matrix NA and normalized standard matrix NS based on Eqs. (3) and (4) and matrices A and S.
Step 2 obtains standard deviation σ j by Eq. (5), quantified conflict R j by (6) and weight w j by (8) using the CRITIC approach and matrix NA as shown in for the biological indicator DFC, indicating low correlation with the other indicators. This exactly agrees to the finding of Rice et al. (1991) . Compared with R 8 , the magnitudes of R 1 to R 7 are much smaller because of strong inter-correlation among the seven chemical indicators. The magnitudes of weights w 1 to w 8 fall in the range of 0.020-0.231 with the largest for COD and the lowest for DO.
Step 3 ranks four objects W1 to W4 in order of performance value obtained by TOPSIS. Based on Eqs. (9) and (10) and estimated weights in step 2, a normalized object matrix VA and normalized standard matrix VS can be written as With matrices VA and VS and Eqs. (11) for W4. Levels H 1 to H 4 can also be transformed to typical levels III, V, III and III, respectively. The resultant typical levels are consistent with those obtained by an AHP-based fuzzy method (Lu et al., 2011) .
Level H i has the following three advantages compared with typical levels I to V. First, the water qualities of objects W1, W3 and W4 can be distinguished by different H 1 , H 3 and H 4 but are classified into the same typical level III. Second, ranking four objects W1 to W4 according to Note: The unit of concentration is mg/L.
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2 obtained in Step 3 leads to the same result of W1, W3, W4 and W2. Thirdly, level H i is more helpful for decision makers in water environment protection and management. For instance, water quality at W1 is classified into level III due to = H 2.566 1 between 2.5 and 3.5 but almost attains to level II. A slight decrease of 3.6% can improve the water quality from level III to II. This conveys a message to decision makers that minor pollution abatement is sufficient for W1 and much more attention can be paid to more heavily polluted areas such as W4. These results indicate that the TIWR approach offers more delicate level H i accounting for water quality than typical levels I to V.
3.2. Case 2: Lake Tai 3.2.1. Study area and indicators Lake Tai, the third largest freshwater lake in China, is located in the Yangtze River Delta region. It has 1.9 m average depth and 2427.8 km 2 area, sustains 59.71 million population and contributes 10.2% of the national GDP. Water environment of Lake Tai has significantly deteriorated over the last decades. The northern part of lake Tai is impacted by algal bloom and the southeastern part undergoes remarkable degradation of aquatic vegetation . Six indicators of NH 3 -N, TP, TN, PPI, DO and BOD 5 are monitored at sites W1 to W4 in Area 1, W5 to W6 in Area 2 and W7 to W20 in Area 3 shown in Fig. 2 . Areas 1-3 cover 19.1%, 7.0% and 73.9% of the total lake area, respectively. Monitoring data at the 20 sites in 2011-2013 are collected by the Taihu Basin Authority (Cui et al., 2015) . Table 3 displays the annual mean concentration of the six indicators. Table 4 presents the water quality standards of levels I to V for the six indicators.
Similar to steps 1 -4 discussed in Section 3.1.2, the TIWR approach starts from object matrix A and standard matrix S. The former contains 60 objects (20 sites × 3 years) shown in Table 3 , and the latter consists of those values in Table 4 . Table 5 presents the resultant performance value C i , level H i and typical level obtained based on level H i . Heading of "FSE level" stands for typical level obtained by the fuzzy synthesized evaluation (FSE) approach (Cui et al., 2015) . The TIWR and FSE approaches agree well to the typical levels at 80% of 20 sites for 2011, 65% for 2012, 80% for 2013 and an average of 75% (i.e., (80% + 65% + 80%)/3).
Estimated FSE levels for 12 objects/sites marked in bold in Tables 3  and 5 are found to be unreasonable. For example, the object of W12 in 2011 in Table 3 has TP, DO and BOD 5 in level I, PPI in level II, NH 3 -N in level III and TN in level V according to water quality standard in Table 4 , but the FSE approach produces level I to the object in Table 5 . In addition, all indicators except DO at W18 in 2011 are better than Table 3 Annual mean concentration of six water quality indicators at sites W1 to W20 of the Lake Tai in 2011-2013 (modified from Cui et al. (2015) , Table 1 Z. Li et al. Ecological Indicators 89 (2018) 356-364 those at W12 in 2011, yet the former and latter objects are classified into levels IV and I, respectively. The reason for those unreasonable results may be that the FSE approach tends to identify a typical level that a larger number of indicators belong to. When the 12 objects are excluded, the TIWR and FSE approaches agree very well (i.e. 93.75%) to typical level for all objects except three: W1 in 2011, W14 in 2012 and W12 in 2013. These exceptions are classified into level IV by the TIWR approach but level V by the FSE approach. The differences in typical level may be attributed to the fact that the FSE approach tends to overestimate typical level when a certain indicator has a much higher level than the others (Liu et al., 2010) . We may therefore conclude that the TIWR approach gives more reasonable results than the FSE approach. On the other hand, Table 6 shows the typical levels of water quality for Areas 1-3 in 2011-2013 issued by official reports of the Chinese government. Fig. 3 . The best of water quality is level III at W4 whereas the worst is level > V at W11. The most heavily contaminated part of Lake Tai is Area 3, followed by Areas 2 and 1. Note that water quality at six sites of W8 to W11, W15 and W16 inside the broken-line circle in Fig. 2 belong to either level V or > V. This accords with the finding of Huang et al. (2015) and Zhang et al. (2016 Zhang et al. ( , 2017 that the northern part of the Lake Tai especially the circled area is the most heavily contaminated region. The figure reveals no significant improvement or deterioration in water quality of Lake Tai from 2011 to 2013 although slight variation in water quality can be detected. Area 3 undergoes minor improvement due to the large amount of environmental engineering projects in the last decade. Water quality at site W20, for example, is improved from level > V in 2011 to IV in 2013. The overall water quality in Area 3 is still classified into level > V in Tables 6 or 7 , indicating more projects needed for improving water quality. In contrast, the overall water quality in Areas 1 and 2 slightly deteriorates because the level H increases from 3.97 to 4.22 for Area 1 and from 4.18 to 4.96 for Area 2 in Table 7 . This suggests that more effort is needed for maintaining water quality in Areas 1 and 2.
Conclusion
The applications of TOPSIS-based approaches to water quality evaluation have increasingly become popular. Few researches, however, consider correlation among water quality indicators or couple them with water quality standard in a reasonable manner. To solve the two problems, this study proposes an improved TOPSIS-based approach called the TIWR approach for water quality evaluation. It separately starts from an object matrix A defined in Eq. (1) and a standard matrix S defined in Eq. (2) as well as follows four steps described in the flowchart of Fig. 1. Step 1 normalizes both object and standard matrices. Note: "FSE level" stands for typical level obtained by FSE approach. The subscript i represents the ith object. Objects of unreasonable FSE level are marked in bold.
Table 6
Official water quality level of Lake Tai reported by the Chinese government. Step 2 estimates weights to indicators using the CRITIC approach that can consider correlation among indicators.
Step 3 applies the TOPSIS to rank objects in order of performance value C i defined in Eq. (15).
Step 4 identifies level H i associated with water quality on the basis of the weighted average principle and fuzzy theory. Water quality indicators and associated standards are coupled by Eq. (3) in step 1, Eqs. (10), (11) (14) in step 3 and Eqs. (21)(23) in step 4. The TIWR approach is applied to two case studies. Case 1 in Section 3.1 presents a detailed process of applying the TIWR approach to evaluate water quality for the Shitoukoumen reservoir. The TIWR and AHP-based fuzzy approaches give the same typical level for all objects. In addition, our approach offers more delicate and helpful level H i accounting for water quality than typical levels of I to V. Case 2 in Section 3.2 presents water quality evaluation for Lake Tai. It can be reasoned that the TIWR approach shows high consistency with official reports and produces more reasonable results than traditional FSE approach. These findings indicate that the TIWR approach have important implications for decision makers and researchers in water environment protection and management.
The northern part of Lake Tai (i.e., Area 3 in Fig. 2 ) is the most heavily contaminated region, followed by the southern part (i.e., Area 2) and the eastern part (i.e., Area 1). No substantial variation in water quality is detected over the Lake Tai in 2011-2013. There are minor improvement in Area 3 and minor deterioration in Areas 1 and 2. Levels of water quality in Areas 1-3 are generally between levels IV and > V, suggesting that more environmental engineering projects are needed to improve the water quality of Lake Tai.
